).
hypertension include prolonged mechanical ventilation (including high-frequency mechanical ventilation), need for extracorporeal life support, or progression to right heart failure. 1, 3, 4, 10 Surviving infants may require exogenous oxygen for an extended period of time. To improve these outcomes, providers increasingly turn to drugs approved for the treatment of pulmonary hypertension in adults, such as sildenafil. As a potent inhibitor of type-5 phosphodiesterase, sildenafil produces pulmonary vasodilation by potentiating the effects of endogenous nitric oxide.
3,9
Since the U.S. Food and Drug Administration (FDA) approved sildenafil in 2005 for the treatment of pulmonary arterial hypertension in adults, off-label clinical and investigational use of sildenafil in children and infants has anecdotally increased. [11] [12] [13] Although there have been a few smaller trials in infants with PPHN, no large-scale study has provided definitive evidence to support safety and efficacy of sildenafil in infants. 6, [14] [15] [16] [17] [18] [19] [20] [21] [22] Moreover, the safety and efficacy of sildenafil in infants with pulmonary hypertension related to causes other than PPHN (i.e., BPD related) are ill defined, with limited studies and case reports to support routine use. 7, 11, 13, 21, [23] [24] [25] [26] [27] [28] [29] [30] Reported adverse effects of sildenafil in infants include severe systemic hypotension and increased incidence of retinopathy of prematurity (ROP), but none has been consistently reported. 13, 28, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] In this study, we describe the frequency of use of sildenafil in a large number of neonatal intensive care units (NICUs), the change in prescribing patterns from 2001 to 2016, the diagnoses and interventions associated with sildenafil use, and the occurrence of in-hospital morbidity and mortality.
Methods
We performed a retrospective chart review using a clinical database of infants discharged from 1 of 349 community and tertiary care center NICUs across North America managed by the Pediatrix Medical Group. Data were obtained from an electronic medical record that prospectively captures information including medication information, diagnoses, admission notes, daily progress notes, and discharge notes generated by clinicians. We identified infants !23 weeks' gestational age (GA) at birth discharged from 2001 to 2016 and exposed to sildenafil in the first 180 postnatal days.
We collected demographic data including GA, birth weight, and exposure to antenatal steroids. We collected the postnatal age at the time of sildenafil exposure, duration of exposure, interventions received during hospitalization, and all diagnoses made during the hospitalization. Interventions of interest included mechanical ventilation as well as any exposure to surfactant or inhaled nitric oxide (iNO). Diagnoses of interest included severe congenital heart disease, congenital diaphragmatic hernia, meconium aspiration syndrome, pulmonary hypertension (encompassing various classifications of pulmonary hypertension, as the database did not differentiate between them), severe ROP, and BPD.
We defined mechanical ventilation as either conventional or high-frequency ventilation. We defined severe congenital heart disease as any diagnosis of tricuspid atresia, tetralogy of Fallot, transposition of the great arteries, hypoplastic right or left heart, Ebstein's anomaly, total anomalous pulmonary venous return, truncus arteriosus, any valvular atresia, atrioventricular septal defect, other single ventricles, or interrupted aortic arch. We defined severe ROP as ROP requiring bevacizumab, laser eye therapy, or cryotherapy. We used a BPD definition that varied with GA. Infants <32 weeks GA were classified as having BPD if they required respiratory support (nasal cannula, continuous positive airway pressure, or mechanical ventilation) or supplemental oxygen continuously from 36 0/7 to 36 6/7 weeks postmenstrual age. Infants !32 weeks GA were classified as having BPD if they required respiratory support or supplemental oxygen continuously from postnatal days 28 to 34. 40, 41 If an infant was discharged or transferred before the date of evaluation for BPD, then the data were considered "missing" as it could not be accurately determined whether the infant met criteria for BPD. We defined hypotension as the receipt of inotropes including epinephrine, dopamine, dobutamine, and norepinephrine.
Statistical Analysis
We categorized infants by GA into two groups-infants <32 and !32 weeks GA at birth-and used contingency table analysis to examine the association between characteristics of the infants and the categorized GA. We used standard summary statistics including counts (percentages) and medians (25th and 75th percentiles) to describe all study variables. For percentages <1%, we translated the count into number per 1,000 infants. We used Cochran-Armitage tests to evaluate trends over time, and chi-square or Wilcoxon's rank-sum tests to compare distributions of study variables across groups. Analyses were conducted using Stata 15.1 (College Station, TX), and we considered a p-value <0.05 statistically significant.
Results
Over the 16-year study period, 1,160,796 infants were discharged from NICUs managed by the Pediatrix Medical Group, and sildenafil was administered to 1,336 infants (1.1/1,000 infants). Sildenafil use increased over the study period from 0/35,977 infants in 2001 to 151/90,544 infants (1.7/1,000 infants) in 2016. There was a decrease in the number of infants exposed in 2013 to 123/86,734 infants (1.4/1,000 infants) but use increased again the following year. Peak use was in 2012 with 161/85,922 infants exposed to sildenafil (1.9/1,000 infants) (►Fig. 1). The median GA of infants exposed to sildenafil was 28 weeks (25th and 75th percentiles: 25 and 37) with a median birth weight of 929 g (610 and 2,866). Infants 25 weeks GA had the highest exposure, with 1.4% exposed (►Fig. 2). Of the 1,336 infants exposed to sildenafil, all but 217 infants were diagnosed with pulmonary hypertension; of those 1,119 infants, 749 had BPD (►Table 1). Of the 921 infants exposed to sildenafil for whom mortality outcomes were known, 209 (23%) died prior to discharge.
Infants <32 Weeks' Gestational Age
Of 184,262 infants born <32 weeks GA, 783 (4.2/1,000 infants) were exposed to sildenafil. The median start of sildenafil was at 104 postnatal days (25th and 75th percentiles: 75 and 130). Sildenafil was initiated after 28 postnatal days in 723 (92%) infants (►Fig. 3). The median duration of in-hospital sildenafil exposure was 26 days (25th and 75th percentiles: 10 and 51).
Of the 783 infants exposed to sildenafil, 631 (81%) were diagnosed with pulmonary hypertension. Of 704 infants exposed to sildenafil with enough data to determine the respiratory outcome, 666 (95%) infants had BPD (►Table 1).
Of 783 exposed, 148 (19%) infants were diagnosed with severe ROP, but only 62 of 148 (42%) were diagnosed after sildenafil administration. Altogether, 313 (40%) infants exposed to sildenafil received inotropic support. Also, 279 (36%) infants exposed to sildenafil received iNO during their hospitalization. Death occurred in 135 of 520 (26%) infants prior to discharge from the NICU.
Infants !32 Weeks' Gestational Age
Of 976,534 infants born !32 weeks GA, 552 (0.5/1,000 infants) were exposed to sildenafil. The median start of Sildenafil in the NICU Thompson et al. 264
sildenafil was at 11 postnatal days (25th and 75th percentiles: 3 and 32). Sildenafil was initiated within the first 7 days of life in 345 (66%) infants (►Fig. 3). The median duration of in-hospital sildenafil exposure was 11 days (25th and 75th percentiles: 4 and 20).
Of the 552 infants exposed to sildenafil, 488 (88%) were diagnosed with pulmonary hypertension. Of 455 exposed to sildenafil with enough data to determine the respiratory outcome, 248 (55%) infants had BPD (►Table 1). The next most common diagnoses were congenital diaphragmatic hernia (94 [17%] infants) and meconium aspiration syndrome (76 [14%] infants). Altogether, 287 (52%) of infants exposed to sildenafil received inotropic support. Also, 197 (36%) infants exposed to sildenafil received iNO during their hospitalization. Death occurred in 74 of 400 (19%) infants prior to discharge from the NICU.
Discussion
We identified a large group of term and preterm infants exposed to sildenafil. Clinicians' off-label use of sildenafil in this cohort increased more than fivefold since 2005, when sildenafil was first FDA approved for use in adults with pulmonary arterial hypertension. Infants who received sildenafil were most commonly diagnosed with pulmonary hypertension, and preterm infants exposed to sildenafil were frequently diagnosed with BPD. Nearly one quarter (23%) of infants exposed to sildenafil died. Infants born at <32 weeks started sildenafil at a median 104 postnatal days, while infants born at !32 weeks started sildenafil at a median 11 postnatal days. This difference may be due to the different pathologies seen in these two groups, which leads to development of pulmonary hypertension at different postnatal ages. Infants <32 weeks' GA are likely receiving sildenafil for BPD-related pulmonary hypertension, which presents at a later postnatal age; infants !32 weeks' GA are likely receiving sildenafil for pulmonary hypertension from different diagnoses, including congenital diaphragmatic hernia or Abbreviation: IQR, interquartile range. Note: Data are n (%), unless otherwise indicated. a One hundred and seventy-six infants were transferred to other acute care facilities before bronchopulmonary dysplasia outcome could be determined. b Four hundred ten infants were transferred to other acute care facilities before mortality outcomes could be determined. Fig. 3 Postnatal age at the time of first sildenafil exposure among infants. Sildenafil in the NICU Thompson et al. 265
meconium aspiration syndrome, which present at an earlier postnatal age. This is further supported by 95% of infants <32 weeks' GA being diagnosed with BPD, whereas only 55% of infants !32 weeks' GA had a BPD diagnosis. Our data confirm an overall increase in sildenafil use in hospitalized infants, although the overall use of sildenafil remains low. We suspect that in the setting of high morbidity and mortality related to pulmonary hypertension, clinicians may have been hopeful that sildenafil would work similarly in infants to improve outcomes as it does in adults with pulmonary hypertension. Interestingly, the use of sildenafil in Pediatrix NICUs declined from 2012 to 2016, coinciding with the release of an FDA drug safety communication in August 2012. This statement was based off the STARTS-1 and STARTS-2 studies and recommended against the use of sildenafil in children due to concerns for increased morbidity and mortality at high doses in treatment-naïve children. 11, 42, 43 However, this study's conclusions may have limited translatability to the NICU population. Disease processes that cause pulmonary hypertension in the neonate are often different from those that cause pulmonary hypertension in older infants and children. Infants in the NICU are also often treated with higher fractions of inspired oxygen, which may upregulate the pulmonary type-5 phosphodiesterase activity and may allow for the use of lower doses of sildenafil.
44
Neonates with pulmonary arterial hypertension specifically secondary to BPD have poor survival (53% at 2 years). 4 The most common cause of death in infants with pulmonary hypertension is a pulmonary hypertensive crisis, where pressures in the lungs become so elevated that the heart cannot pump blood to the body. This is seen clinically by poor perfusion and decreasing oxygen saturations. Many medications, including sildenafil, are used in the NICU without a clear understanding of their risk-benefit profile. In infants with pulmonary hypertension, the proposed benefits are lower pulmonary artery pressures and ultimately improved survival. 1 Nevertheless, sildenafil has been associated with ROP and hypotension in neonates and increased mortality at high doses in children older than 1 year.
38,39,42
Even with these side effects in mind, limited treatment options with their own toxicities and the availability of an oral formulation of sildenafil that can be administered in an outpatient setting make it an appealing option. The strengths of our study include the large sample size over a 16-year period from many different academic and community NICUs across North America. This study has multiple limitations, including the retrospective nature of the data, lack of data on route of medication administration, lack of specific indication for sildenafil use, and lack of complete mortality data. Clinical diagnoses were assigned at the discretion of the treating physician at each individual site. As normal blood pressure parameters are poorly defined in premature infants, we attempted to capture hypotension by identifying infants exposed to inotropes, which serves as a conservative marker of hypotension as it relies on clinician judgment that an intervention is necessary to correct the blood pressure. Furthermore, we cannot comment on dosing and the effect this may have had on mortality. A comprehensive, ideally prospective, evaluation of the efficacy and safety of sildenafil in the neonatal population, including its effects on mortality and outcomes of pulmonary hypertension, is warranted.
Funding

